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The uptake of [3H]pentamidine into wild-type and drug-resistant strains of Leishmania mexicana was
compared. Uptake was carrier mediated. Pentamidine-resistant parasites showed cross-resistance to other
toxic diamidine derivatives. A substantial decrease in accumulation of the drug accompanied the resistance
phenotype, although the apparent affinity for pentamidine by its carrier was not altered when initial uptake
velocity was measured. The apparent Vmax, however, was reduced. An efflux of pentamidine could be measured
in both wild-type and resistant cells. Only a relatively small proportion of the total accumulated pentamidine
was available for efflux in wild-type cells, while in resistant cells the majority of loaded pentamidine was
available for release. Pharmacological reagents which diminish the mitochondrial membrane potential reduced
pentamidine uptake in wild-type parasites, and the mitochondrial membrane potential was shown to be
reduced in resistant cells. A fluorescent analogue of pentamidine, 4�,6�-diamidino-2-phenylindole, accumulated
in the kinetoplast of wild-type but not resistant parasites. These data together indicate that diamidine drugs
accumulate in the Leishmania mitochondrion and that the development of the resistance phenotype is accom-
panied by lack of mitochondrial accumulation of the drug and its exclusion from the parasites.

Leishmania mexicana, a flagellated protozoan parasite, is the
causative agent of localized and diffuse cutaneous leishmania-
sis. Sandflies transmit promastigote forms of the parasite to the
mammalian host, where they invade macrophages and trans-
form into amastigotes. Pentavalent antimonial drugs are the
standard first-line treatment for leishmaniasis (1, 18), although
resistance is a growing problem (42, 44, 56, 57). The aromatic
diamidine pentamidine, initially developed for use against
Trypanosoma brucei, is considered an alternative to pentava-
lent antimony in treatment of leishmaniasis (2, 14, 52, 55).

Previous work on pentamidine uptake has indicated that the
drug is accumulated by saturable, transport-mediated pro-
cesses in African trypanosomes (23, 27–29) and in Leishmania
spp. (7, 17). The P2 adenosine transporter of Trypanosoma
brucei (23) appears to play some part in the transport of this
drug, although the situation is complex (24, 47), with at least
two additional transporters also capable of carrying the drug
(29). In Leishmania donovani, pentamidine was found to be a
competitive inhibitor of arginine transport (40, 41) and a non-
competitive inhibitor of putrescine and spermidine transport in
Leishmania infantum (51), L. donovani, and L. mexicana (12).
With the exception of the P2 nucleoside transporter in T.
brucei, the physiological roles of the carrier proteins which
accumulate pentamidine have yet to be identified.

Resistance to pentamidine has been described for trypano-
somes (15, 16), L. donovani (42, 56, 59), and other Leishmania

species (8–11, 32, 53, 54). The mechanism(s) of resistance in
trypanosomatids is poorly understood. However, yeasts are
also susceptible to pentamidine (45), and a gene called PNT1,
when overexpressed, confers resistance to the drug in Saccha-
romyces cerevisiae (46). The protein encoded by this gene lo-
calizes to the inner membrane of the mitochondrion and ap-
pears to play a role in secretion of proteins from the
mitochondrion (36). Disruption of mitochondrial function has
been proposed as a likely toxic effect of pentamidine in S.
cerevisiae (36, 47). The mitochondrion has also been implicated
in the action of pentamidine against trypanosomatids. Electron
microscopy revealed that treatment of Leishmania spp. with
pentamidine leads to disintegration of the kinetoplast and mi-
tochondrion (26, 37), and a collapse in mitochondrial mem-
brane potential (58) is one of the first manifestations of treat-
ment of these parasites with the drug.

Mechanisms of drug resistance have been extensively stud-
ied in trypanosomatid parasites (19). In African trypanosomes,
uptake of diamidines, including pentamidine (22) and berenil,
appears to involve the P2 nucleoside transporter (23), and loss
of this transporter can mediate resistance to diamidines (5, 6,
22). However, P2-deficient T. brucei strains remain sensitive to
pentamidine, probably because this diamidine continues to
accumulate through alternative transporters (29).

The aim of the present work was to study how the accumu-
lation of pentamidine in L. mexicana and its efflux relate to
pentamidine resistance in these parasites.

MATERIALS AND METHODS

Materials. Pentamidine isethionate was a generous gift from Roger Bellon,
Rhône Poulenc Laboratories, Neuilly sur Seine, France. [Ring-3H]pentamidine
(98 Ci/mmol, 5 mCi/ml) was custom synthesized by Amersham Pharmacia Bio-
tech (Buckinghamshire, United Kingdom) from dibromopentamidine as de-
scribed previously (15). L-[U-14C]arginine (313 mCi/mmol) was purchased from

* Corresponding author. Mailing address: Institute of Biomedical
and Life Sciences, Division of Infection & Immunity, Joseph Black
Building, University of Glasgow, Glasgow G12 8QQ, United Kingdom.
Phone: 44 141 330 6904. E-mail: m.barrett@bio.gla.ac.uk.

† Present address: Brain Physiology and Metabolism Section, Na-
tional Institute on Aging, National Institutes of Health, Bethesda MD
20892-1582.

3731



Dupont NEN (Herts, United Kingdom). All other compounds were purchased
from Sigma (Gillingham, United Kingdom). Depending on solubility, com-
pounds were dissolved in phosphate-buffered saline (PBS), water, ethanol, or
dimethyl sulfoxide.

Strains and culture conditions. L. mexicana (MNYC/BZ/62/M379) promas-
tigotes were grown in vitro at 25°C in HOMEM medium supplemented with 10%
(vol/vol) heat-inactivated fetal calf serum (35). L. mexicana (MNYC/BZ/62/
M379) amastigotes were grown at pH 5.5 in Schneider’s Drosophila medium
(Gibco) supplemented with 20% (vol/vol) heat-inactivated fetal calf serum and
gentamicin sulfate at 25 �g/ml and 32°C (13). L. mexicana promastigotes resis-
tant to pentamidine were obtained in vitro from sensitive L. mexicana cells by
stepwise exposure to the drug with final concentrations of 2.5 �M, 5 �M, 10 �M,
and 30 �M until they had no effect on parasite growth, as previously described
for other Leishmania species (9). L. mexicana amastigotes resistant to pentam-
idine were obtained axenically by transformation of promastigotes resistant to 30
�M pentamidine at 32°C without drug pressure (13). Once transformed, para-
sites were cultivated with 30 �M pentamidine. The stability of pentamidine
resistance in vitro was determined as described previously (9).

Cross-resistance to other drugs was determined by measuring the 50% inhib-
itory concentration (IC50) and the resistance factor (IC50 ratio between resistant
and wild-type cells) with the colorimetric MTT dye reduction assay (48), in which
the tetrazolium salt MTT is converted to a colored formazan product by enzymes
active only in living cells. The IC50 value corresponds to the concentration of a
given compound provoking 50% inhibition of cell proliferation compared with
untreated cells after 3 days. The effect on pentamidine resistance of 5 �M
trifluoperazine (TFP), 5 �M prochlorperazine (PCP), 15 �M verapamil, and 1
mM buthionine sulfoximine (BSO) was studied by incubating the parasites with
these compounds and different concentrations of pentamidine for 72 h, with the
inhibitory effect on growth being measured as described above.

Transport studies. Parasites were harvested during the mid-logarithmic phase
of growth by centrifugation at 2,100 � g for 10 min at room temperature. Cells
were then washed three times with phosphate-buffered saline supplemented with
1% D-glucose (PBSG) at pH 7.4 for promastigotes and pH 5.5 for amastigotes.
Cells were resuspended in this buffer at densities appropriate for the procedure
to be used, as indicated in the text and figure legends. Parasite suspensions (160
�l, containing 2 � 107 cells for promastigotes and 3 � 107 cells for amastigotes)
were warmed to 25°C (for promastigotes) or 32°C (for amastigotes) and mixed
with 20 �l of assay buffer containing labeled molecule plus or minus other test
compounds at the concentrations indicated in the text. Transport was terminated
by the rapid separation of parasites from the buffer components by centrifugation
through a 9:1 mixture of dibutyl phthalate (specific gravity, 1.04) and mineral oil
(specific gravity, 0.875 to 0.885). The sample tubes were immediately flash frozen
in liquid nitrogen, and the tubes were cut to separate the pellet from the
transport medium. The pellet was dissolved in 2% sodium dodecyl sulfate (250
�l) and 3 ml of scintillation fluid (EcoscintA; National Diagnostics, Hessle,
United Kingdom). These were left overnight to remove the effects of chemilu-
minescence, and then incorporated radioactivity was counted. The protein con-
tent was determined by the dye-binding method (21) and calculated as 6.1 and
2.0 �g of protein/106 cells for L. mexicana promastigotes and amastigotes, re-
spectively. Cell volumes were previously determined as 100 �m3 for promastig-
otes and 27 �m3 for amastigotes (17).

The effects of various pharmacological reagents on pentamidine accumulation
in wild-type and resistant cells was investigated by resuspending cells in PBSG
containing inhibitors at the concentrations indicated in the text and figure leg-
ends for 10 min at 25°C. After this treatment, 0.25 �M [3H]pentamidine was
added to the mixture, and uptake over 10 s was measured.

In order to determine efflux of pentamidine, cells were loaded with 0.25 �M
[3H]pentamidine for 10 min either at room temperature or on ice. After expo-
sure to the drug, an aliquot was immediately centrifuged through oil and frozen
in liquid nitrogen. Retained pentamidine was determined as described above.
The remaining cells were centrifuged, washed three times with PBSG, resus-
pended in drug-free PBSG at 108 cells/ml, and incubated at 25°C or 32°C.
Aliquots of cells were removed, and intracellular pentamidine was determined
over a range of time points. To evaluate the effect of energy, mitochondrial
membrane potential, proton motive forces, and multidrug resistance-reversing
agents on pentamidine efflux, inhibitors were added simultaneously with the
[3H]pentamidine. Subsequently, cells were centrifuged, washed three times with
PBSG containing inhibitors, and then resuspended in PBSG supplemented with
the inhibitor but no pentamidine.

Analysis of kinetic data. The net uptake of pentamidine into leishmanias
probably involves several components, including a plasma membrane uptake
system, a plasma membrane efflux system, and a mitochondrial uptake system.
Technical limitations prevented us from dissecting out each of these components,

and hence we measured net uptake and expressed the values from plots of net
uptake against velocity as apparent kinetic parameters. Apparent Km and Vmax

values for pentamidine uptake were determined by measuring apparent initial
uptake rates over various concentrations of pentamidine between 1 �M and 1
mM. Nonlinear regression fits to the Michaelis-Menten equation with the GraFit
version 4.09 for Microsoft Windows (Erithacus Software) were used to deter-
mine apparent Km and Vmax values. The type of inhibition and Ki values for
pentamidine, arginine, and other molecules were determined with the enzyme
inhibition program of GraFit 4.09.

Fluorescence microscopy. Cells were incubated with 2 �M 4�,6�-diamidino-2-
phenylindole (DAPI) for the times marked in the text. Cells were then trans-
ferred to a microscope slide and viewed by fluorescence microscopy (excitation
at 330 nm, emission at 400 nm). To permeabilize the cells, 1 �M digitonin was
added to the cells for 1 to 2 min before DAPI was added.

Flow cytometry. A total of 106 parasites were washed three times and resus-
pended in 1 ml of PBSG containing 250 nM rhodamine-123. The fluorescence of
105 cells was measured immediately after addition and 30 min later. The proce-
dure was carried out for wild-type and resistant parasites and repeated in the
presence of 10 mM pentamidine. Data were gathered with a FACSCalibur
(Becton Dickinson, Oxford, United Kingdom) flow cytometer equipped with an
argon-ion laser (15 mW) tuned to 488 nm. Rhodamine-123 fluorescence was
collected in the photomultiplier tube designated FL1, which is equipped with a
530/30-nm band pass filter. Data analysis was carried out with CellQuest (Becton
Dickinson, Oxford, United Kingdom) software.

RESULTS

Characterization of pentamidine-resistant parasites. Four
cloned lines of L. mexicana promastigotes resistant to penta-
midine (Pentr) were selected in vitro by increasing drug pres-
sure. Pentr2.5, Pentr5, Pentr10, and Pentr30 promastigotes dis-
played 14-, 30-, 50-, and 100-fold resistance to pentamidine,
respectively (Table 1). These resistant cells expressed cross-
resistance to the diamidines propamidine, stilbamidine, and
berenil. Resistant promastigotes did not show any cross-resis-
tance to sodium arsenite or to inhibitors of multidrug resis-
tance and multidrug resistance-associated protein, which are
toxic to cells in the assay conditions used (Table 1).

Promastigotes of the resistant line Pentr30 were transformed
in vitro to amastigotes without drug pressure because penta-
midine inhibits the transformation of promastigotes to amas-
tigotes (54). It has previously been shown that while low-level
resistance to pentamidine in L. mexicana is rapidly lost once
drug selection is removed, high-level resistance is stable (54).
Here we too show that high-level pentamidine resistance was
maintained for at least 6 months without pressure for promas-
tigotes and 2 months for amastigotes (data not shown). The
IC50 of pentamidine for amastigote derivatives of Pentr30 was
70 � 5 �M, compared with 0.30 � 0.05 �M for sensitive
amastigotes.

TABLE 1. Cross-resistance profile of wild-type and pentamidine-
resistant L. mexicana promastigotesa

Drug
Mean IC50 (�M) � SEM (n � 4)

Wild type Pentr2.5 Pentr5 Pentr10 Pentr30

Pentamidine 0.5 � 0.1 7 � 2 15 � 3 25 � 2 50 � 5
Propamidine 10 � 2 25 � 6 42 � 5 64 � 7 120 � 7
Berenil 1.2 � 0.1 4.0 � 0.5 11 � 2 18 � 4 45 � 3
Stilbamidine 9 � 3 21 � 4 45 � 4 90 � 5 161 � 8
DAPI 3.1 � 0.4 ND ND ND 49 � 6

a IC50 values were determined after 72 h. Cross-resistance was not evident for
the following compounds, the IC50 values of which against the wild type are given
in parentheses: AsO2 (10 �M), verapamil (50 �M), vinblastine (38 �M), puro-
mycin (6.5 �M), TFP (9 �M), and PCP (11 �M). ND, not determined.
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The ability of typical P-glycoprotein inhibitors previously
used to identify at least three separate efflux activities in Leish-
mania spp. (30) were tested for their ability to reverse penta-
midine resistance. TFP (5 �M), PCP (5 �M), and verapamil
(15 �M) had no significant toxic effects on either wild-type or
resistant promastigotes themselves, nor did BSO (1 mM),
which inhibits glutathione biosynthesis (data not shown). How-
ever, at these concentrations, each compound provoked a re-
version towards wild-type pentamidine sensitivity. The IC50s
for L. mexicana promastigotes of the Pentr30 strain were 50 �
5 �M for pentamidine, 3.3 � 0.9 �M for pentamidine plus 5
�M TFP, 4.0 � 0.8 �M for pentamidine plus 5 �M PCP, 5.1 �
0.9 �M for pentamidine plus 15 �M verapamil, and 3.7 � 0.04
�M for pentamidine plus 1 mM BSO (mean � standard error
of the mean, n � 4).

Pentamidine uptake by wild-type and resistant parasites.
Uptake of 0.25 �M pentamidine was measured over 3 h in
pentamidine-resistant L. mexicana and compared with that in
wild-type cells. The four pentamidine-resistant promastigote
strains showed a reduced accumulation of drug in comparison
with sensitive cells, with all of the resistant lines accumulating
very little (Fig. 1). After 3 h of incubation, the intracellular
pentamidine concentration was 10 �M for Pentr2.5, 9 �M for
Pentr5, 7 �M for Pentr10, and 5 �M for Pentr30, compared
with 55 �M in the wild-type cell line. Similar results were
obtained with amastigotes, where an intracellular concentra-
tion of 35 �M was obtained for the resistant line Pentr30 and
230 �M for the sensitive amastigotes (data not shown).

Apparent kinetic constants for pentamidine uptake into
both resistant promastigotes and amastigotes were determined
with a range of substrate concentrations between 1 �M and 1

mM and compared with values obtained for wild-type cells
(Table 2). The apparent Km value was similar for both wild-
type amastigotes and promastigotes. The apparent Vmax value
was, however, 19-fold higher in amastigotes than in promas-
tigotes (Table 2). Apparent Km values for pentamidine in re-
sistant cells were similar to the mean values obtained for wild-
type cells. Apparent Vmax values, however, were substantially
lower in resistant cells and inversely correlated with the degree
of resistance. The apparent Vmax value of Pentr30 amastigotes
was 17-fold lower than the value obtained for wild-type cells.

Effects of pharmacological inhibitors of cellular homeosta-
sis. Pentamidine uptake was investigated in the presence and
absence of different inhibitors to investigate the nature of the
force driving uptake. The results indicate that classical inhibi-
tors of mitochondrial metabolism, potassium cyanide, sodium
azide, and 2,4-dinitrophenol (Table 3; data not shown for
amastigotes), led to significant reductions in net pentamidine
uptake in wild-type parasites. Ouabain, an inhibitor of the
plasma membrane Na�/K�-ATPase (31), and monensin, an
Na� ionophore, did not significantly decrease pentamidine
uptake in either promastigotes or amastigotes. These data in-

FIG. 1. Time course of pentamidine uptake by wild-type and pen-
tamidine-resistant L. mexicana promastigotes. Parasites were incu-
bated with 0.25 �M pentamidine at 25°C, and pentamidine uptake was
measured between 5 s and 3 h. Wild-type (solid circles) and resistant
Pentr2.5 (solid squares), Pentr5 (open circles), Pentr10 (open trian-
gles), and Pentr30 (open square) strains were tested. Results are the
mean � standard error of the mean of at least three experiments.

TABLE 2. Kinetic constants of pentamidine uptake by wild-type
and pentamidine-resistant L. mexicana strains

Cells Mean apparent Km (�M)
� SEM (n � 4)

Mean apparent Vmax
(fmol/s/�g of protein)

� SEM (n � 4)

Promastigotes
Wild type 7.4 � 1.8 452 � 42
Pentr2.5 6.2 � 2.4 196 � 23
Pentr5 5.8 � 1.6 148 � 12
Pentr10 5.4 � 0.6 68 � 3
Pentr30 5.9 � 2.1 57 � 5

Amastigotes
Wild type 13.9 � 2.9 8,540 � 726
Pentr30 13.2 � 5.6 491 � 85

TABLE 3. Relative accumulation of pentamidine in wild-type and
pentamidine-resistant L. mexicana promastigotes in the absence and

presence of different inhibitorsa

Inhibitor (concn)

Mean % of wild-type
control accumulation �

SEM (n � 4)

Wild type Pentr50

None (control) 100 16 � 4
KCN (1 mM) 35 � 6 27 � 3
2,4-Dinitrophenol (2 mM) 30 � 7 25 � 5
Azide (5 mM) 29 � 3 30 � 2
Monensin (50 �M) 86 � 8 14 � 3
Ouabain (1 mM) 88 � 4 14 � 5
Valinomycin (10 �M) 52 � 5 23 � 4
Carbonyl cyanide (10 �M) 37 � 2 22 � 3
N, N�-Dicyclohexylcarbodiimide (50 �M) 29 � 3 20 � 2
Oligomycin A (12 �g/ml) 44 � 4 32 � 5
N-Ethylmaleimide (1 mM) 48 � 4 21 � 2
Orthovanadate (10 �M) 57 � 4 17 � 2
Bafilomicin A1 (1 �M) 103 � 2 14 � 3
Verapamil (50 �M) 32 � 5 20 � 3

a Cells were incubated with 4 �M pentamidine with and without inhibitor for
10 s at 25°C in PBSG. All values are given as a percentage of the wild-type
control.
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dicate that pentamidine uptake is independent of Na� ions.
The K� ionophore valinomycin and the protonophore car-
bonyl cyanide (33, 34) reduced pentamidine uptake.

The nonspecific H�-ATPase inhibitor N,N�-dicyclohexylcar-
bodiimide, which reduced the plasma membrane pH gradient
and the membrane potential in Leishmania spp. (33, 34), oli-
gomycin A, a mitochondrial H�-ATPase inhibitor (3), and
N-ethylmaleimide all had inhibitory effects on pentamidine
uptake. Orthovanadate, a plasma membrane-type H�-ATPase
inhibitor (61), also decreased pentamidine uptake, whereas
bafilomycin A1, a specific vacuolar-type H�-ATPase inhibitor
(20), had no effect. Verapamil, a Ca2� channel blocker and a
P-glycoprotein inhibitor, inhibited pentamidine uptake. Over-
all, while the agents used could affect the permeability of cells
independently of their effect on the proton motive force, the
data are consistent with inhibition of proton motive forces
associated with mitochondrial metabolism having a profound
effect on the net accumulation of pentamidine into L. mexi-
cana.

Uptake in the presence of these inhibitors was also studied
in Pentr30 promastigotes. Net pentamidine uptake in the re-
sistant line was increased in the presence of dinitrophenol,
potassium cyanide, and sodium azide compared with uptake
into the resistant cells themselves (Table 3). Valinomycin, car-
bonyl cyanide, N,N�-dicyclohexylcarbodiimide, N-ethylmaleim-
ide, oligomycin A, and verapamil also increased pentamidine
accumulation in resistant cells. These results indicate that the
mitochondrial membrane potential is not involved in the accu-
mulation of pentamidine in resistant parasites. Moreover, since
most of these inhibitors also deenergize cells, they also indicate
that the drug may be actively effluxed from energized cells.

Specificity of pentamidine transporter. Pentamidine was
shown to be a competitive inhibitor of arginine uptake for
promastigotes and amastigotes, with Ki values of 12.5 �3.8 �M
and 16.3 �2.8 �M, respectively. However, arginine had no
inhibitory activity against pentamidine uptake, even at concen-
trations as high as 10 mM (data not shown). Km and Vmax

values of arginine uptake were essentially identical in wild-type
and pentamidine-resistant parasites (Km values were 2.3 � 0.7
�M for the wild-type and 3.3 � 2.7 �M for the resistant line,
and Vmax values were 6.6 � 0.5 nmol s�1 [106 cells]�1 and 5.1
� 0.6 nmol s�1 [106 cells]�1 for the two lines, respectively).
This would indicate that pentamidine does not enter cells via
an arginine transporter.

The aromatic diamidines propamidine, stilbamidine, DAPI,
and berenil and the phenanthridine isometamidium (Samorin)
were found to be potent competitive inhibitors of pentamidine
uptake, suggesting that the nature of the lateral chain is not
important in recognition (Table 4). para-Aminobenzoic acid,
benzamide, and benzylamine did not affect pentamidine up-
take, whereas benzamidine, 3-aminobenzamidine, and 4-ami-
nobenzamidine all inhibited uptake, but noncompetitively.

In order to establish the specificity of the transporter, uptake
of 4 �M pentamidine was studied in the presence of a vast
excess (1,000-fold or more) of potential competitive substrates.
Polyamines (putrescine, spermidine, and spermine), amino ac-
ids (all 20 naturally occurring L-amino acids), nucleobases (ad-
enine, guanine, cytosine, and uracil), nucleosides (adenosine,
inosine, guanosine, thymidine, and cytidine), sugars (D-glu-
cose, D-fructose, and D-galactose), and a variety of other me-

tabolites (folic acid, biotin, choline, panthenoic acid, ethanol-
amine, thiamine, pterine, pyridoxal, taurine, linoleic acid,
sphingosine, guanidine, urea, reduced glutathione, oxidized
glutathione, ascorbic acid, and imidazole) all failed to inhibit
pentamidine uptake. Two peptides rich in basic amino acids
(Arg-Ser-Arg and Lys-Lys-Lys-Lys) did give modest inhibition
(around 50% when used at 5 mM and 10 mM, respectively).

Inhibition was also seen with some inorganic divalent cations
(74% inhibition with 5 mM Ca2�, 47% with 0.1 mM Cd2�,
45% with 0.1 mM Co2�, and 69% with 5 mM Ni2�). Tauro-
cholate also decreased pentamidine uptake by 50% when used
at 10 mM. Taurocholate was a noncompetitive inhibitor, with
a Ki of 10.5 � 1.9 mM (data not shown). Pentamidine uptake
was sensitive to several compounds often used as P-glycopro-
tein inhibitors, including TFP, PCP, and verapamil (the three
drugs were competitive inhibitors, with a Ki of 10.70 � 0.04 �M
for TFP, 8.01 � 0.09 �M for PCP, and 53.2 � 8.1 �M for
verapamil [data not shown]).

Efflux of pentamidine. Examining pentamidine uptake in the
presence of metabolic inhibitors, including dinitrophenol,
azide, and KCN, revealed significant decreases in accumulated
drug in the wild-type parasites. However, these compounds
increased net uptake in resistant cells, indicating that an ener-
gy-dependent efflux system for pentamidine could influence
the resistance phenotype. This is in agreement with the obser-
vation that P-glycoprotein inhibitors reverse the resistance
(Table 3).

To study this more, parasites were loaded to steady state
over 10 min with radiolabeled pentamidine at room tempera-
ture, and retained drug was measured for 1 h in both wild-type
and resistant cells. Accumulated pentamidine reached substan-
tially higher levels in wild-type parasites during the loading
phase. An efflux of pentamidine was then observed in both
wild-type and resistant cells. This represented a significant
proportion (about 70%) of total accumulated drug in resistant
parasites but only a small fraction (about 14%) of the total in
wild-type cells (Fig. 2A).

When cells were loaded with pentamidine on ice, both wild-
type and resistant lines accumulated similar levels. When these
were then transferred to room temperature and the rate of
efflux was measured in both cell lines, it was shown to occur at
a similar rate (Fig. 2B), indicating that increased efflux could
not explain the resistance phenotype.

Pentamidine efflux was also assayed in the presence of var-
ious metabolic inhibitors and protonophores, and this also
diminished efflux (Fig. 3). Typical inhibitors of the multidrug
resistance phenotype in mammalian cells which have also been
used to distinguish at least three efflux systems in Leishmania
spp. (30), including verapamil (used at 50 �M), TFP, and PCP
(both used at 20 �M), inhibited pentamidine efflux (Fig. 3 and
4). Treatment of the cells with 1 mM BSO for 24 h also
inhibited efflux (Fig. 4).

Pentamidine accumulation over a 6-h period was also inves-
tigated in wild-type and resistant promastigotes with or without
PCP and TFP. In the presence of these inhibitors, resistant
cells accumulated drug to level similar to those in the wild type
by 6 h (Fig. 5).

Intracellular compartmentalization of diamidines. Pentam-
idine-resistant promastigotes (Pentr30) were treated with 1
�M digitonin to permeabilize membranes without killing the
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cells in order to bypass membrane transport systems. Accu-
mulation of pentamidine was similar in wild-type and resis-
tant cells under these conditions (data not shown), while
without digitonin the apparent rate of pentamidine uptake

by resistant cells was only 10% of that of the sensitive cells
(Fig. 1).

DAPI is a fluorescent analogue of pentamidine. The com-
pound is toxic to L. mexicana promastigotes, and cells resistant
to pentamidine are cross-resistant to DAPI (Table 1). More-
over, the compound inhibits pentamidine uptake into L. mexi-
cana (Table 4), indicating that the two compounds share a
route of internalization. Distribution of DAPI (2 �M) was
analyzed by adding it to cells and viewing the cells under
fluorescence microscopy. Within 1 min, bright blue fluores-
cence associated with the kinetoplast was observed in wild-type
but not pentamidine-resistant (Pentr30) cells. The Pentr2.5

FIG. 2. Efflux of pentamidine by L. mexicana promastigotes. Wild-
type and pentamidine-resistant parasites were incubated with 0.25 �M
pentamidine at 25°C (A) or on ice (B) for 10 min, centrifuged, washed
three times with PBSG, and resuspended in drug-free PBSG. Retained
pentamidine was measured between 1 and 60 min. Results are the
mean � standard error of the mean of at least three experiments.

FIG. 3. Pentamidine efflux by pentamidine-resistant promastigotes
under energy- and proton-depleting conditions. Retained pentamidine
was measured after 30 min in the absence (control) and presence of
inhibitors: 1 mM dinitrophenol (DNP), 10 �M carbonyl cyanide
(CCCP), 50 �M N,N�-dicyclohexylcarbodiimide (DCCD), and 50 �M
verapamil. Results are the mean � standard error of the mean of at
least three experiments.

FIG. 4. Inhibition effects of different multidrug resistance-associ-
ated protein inhibitors on pentamidine efflux by pentamidine-resistant
promastigotes. Time course of pentamidine efflux was measured in the
presence and absence of 20 �M PCP and 20 �M TFP and after 24 h
of treatment with 1 mM BSO. Results are the mean � standard error
of the mean of at least four experiments.

FIG. 5. Effect of multidrug resistance-associated protein inhibitors
on time course of pentamidine accumulation by wild-type and penta-
midine-resistant promastigotes. The effect of 10 �M PCP and 10 �M
TFP in sensitive wild-type cells and 20 �M PCP and 20 �M TFP in
resistant cells on pentamidine influx was studied. The wild type (shad-
ed circles), wild type plus 10 �M PCP (solid circles), wild type plus 10
�M TFP (open circles), resistant line Pentr30 (shaded squares), resis-
tant line Pentr30 plus 20 �M PCP (solid squares), and resistant line
Pentr30 plus 20 �M TFP (open squares) were tested. Results are
means of at least three experiments.
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line, like the wild-type cells, continued to accumulate drug into
the kinetoplast. Treating both wild-type and Pentr30 resistant
cells with 1 �M digitonin, however, led to a clear fluorescence
associated with the kinetoplast in both types of parasite within
3 to 5 min. This indicates that drug is bound to the kinetoplast
DNA regardless of the resistance phenotype. However, the
compound is apparently selectively accumulated across the
mitochondrial membrane of wild-type but not high-level pen-
tamidine-resistant parasites.

The ability of wild-type and resistant cells to accumulate the
hydrophobic cation rhodamine-123, which is widely used as an
indicator of mitochondrial membrane potential (25), was also
studied. At time zero, both wild-type and resistant cells
(Pentr30) had very similar rhodamine-123 fluorescence. How-
ever, 30 min later, a substantially greater fluorescence was
evident in wild-type cells, while the fluorescence of the resis-
tant cells was virtually unchanged since the initial time point
(Fig. 6). This indicates that resistant cells had a reduced mi-
tochondrial membrane potential compared with wild-type
cells.

DISCUSSION

Resistance to antimicrobial agents has become a serious
issue in efforts to control disease caused by pathogenic micro-
organisms. Understanding of the mechanisms of resistance
may have value in allowing reversal of drug resistance pheno-
types and also in planning use of agents which circumvent
operative resistance mechanisms. Pentamidine is a drug which
is widely used in the treatment of early-stage sleeping sickness
caused by the parasitic protozoan T. brucei. The same drug is
also used for Pneumocystis carinii pneumonia, fungal infec-
tions, and antimony-refractory leishmaniasis. Pentamidine be-
longs to the diamidine class of drugs, which also contains
berenil (diminazene aceturate), which is used against disease
caused by African trypanosomes in animals.

Recently, a series of novel diamidine drugs have been shown
to be effective against P. carinii, and prodrugs that can be
delivered to the body through the oral route have become
available (49, 50). Diamidines are substrates of the P2 nucle-
oside transporter operative in T. brucei (5, 23). Loss of this
transporter can mediate resistance to drugs which enter cells
via this route (5, 22). The situation regarding pentamidine
uptake into T. brucei is complex (47) because in T. brucei, the
drug also enters via at least two other transporters (29). Leish-
mania parasites are related to T. brucei, although we have
shown here that pentamidine does not enter Leishmania par-
asites via a nucleoside transporter. Moreover, Leishmania spp.
do not have a functional equivalent of P2 (38, 43). Thus, the
mechanisms underpinning both sensitivity and resistance to
pentamidine in Leishmania spp. must differ from those in try-
panosomes.

The drug enters both promastigote and amastigote forms of
the Leishmania cell via a carrier-mediated process which rec-
ognizes diamidines with high affinity. Efforts to identify a phys-
iological substrate for the transporter were unsuccessful, al-
though because arginine and other basic amino acids failed to
inhibit uptake it appears unlikely that pentamidine enters
these parasites with a basic amino acid transporter, as was
previously suggested (40, 41). Polyamines also failed to inhibit

FIG. 6. Flow cytometry analysis of wild-type and pentamidine-resistant L. mexicana promastigotes. Parasite fluorescence was measured
immediately (black line) or 30 min (irregular dotted line) after addition of rhodamine-123. The level of fluorescence of the parasites in the absence
of rhodamine-123 is represented for comparison (regular dotted line). Data from one representative experiment are presented.

TABLE 4. Effect of different aromatic diamidines on growth and
pentamidine uptake by L. mexicana promastigotesa

Drug

Mean uptake
(% of control)

� SEM
(n � 4)

Mean Ki (�M)
� SEM
(n � 4)

Pentamidine 25 � 3 7.5 � 0.7
Propamidine 26 � 5 12.4 � 1.2
Stilbamidine 40 � 7 21 � 5
Berenil 35 � 4 27 � 3
DAPI 32 � 3 ND
Isometamidium 25 � 2 8 � 1
Benzamidine 84 � 17 252 � 23
3-Aminobenzamidine 75 � 15 180 � 20
4-Aminobenzamidine 70 � 11 173 � 11

a Initial rate of 4 �M pentamidine uptake was determined with different drugs
added at 100 �M. Results were normalized to the control value. ND, not deter-
mined; A Ki could not be determined for DAPI because of solubility limits.
Benzamide, benzylamine, and para-aminobenzoic acid failed to give any inhibi-
tion.
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uptake, ruling out polyamine transporters as the carriers of
pentamidine into the cells. A wide variety of common metab-
olites also failed to inhibit pentamidine uptake. Three inhibi-
tors of P-glycoproteins (PCP, TFP and verapamil) were com-
petitive inhibitors of uptake, but the physiological role of the
leishmanial transporter that carries pentamidine into the cell
remains unknown.

The affinity for pentamidine shown by its transporter in L.
mexicana was unaltered in resistant parasites. However, drug
accumulated to a lower level, and the apparent Vmax for uptake
was diminished in resistant parasites. A similar situation has
been noted in resistance to isometamidium in Trypansoma
congolense (60). Resistance in this case was concluded not to
associate with alterations at the level of a plasma membrane
transporter, but with changes in the mitochondrial membrane
potential. Isometamidium rapidly enters the T. congolense mi-
tochondrion, where it is binds tightly to kinetoplast DNA. The
apparent decrease in Vmax in resistant cells correlated to di-
minished capacity to accumulate drug intracellularly (60).

Like isometamidium, diamidines are organic cations, and
they also bind to the kinetoplast. Ultrastructural changes to
kinetoplast DNA and the mitochondrion are observed in par-
asites exposed to these drugs (26, 37, 39). DAPI, a fluorescent
analogue of pentamidine, enters cells and accumulates rapidly
in the mitochondrion, binding to the kinetoplast in wild-type
but not high-level pentamidine-resistant Leishmania strains.
Treating cells with digitonin to render their membranes per-
meable revealed that the fluorescent diamidine bound equally
well to wild-type and resistant kinetoplasts, indicating that it is
access to the kinetoplast rather than the ability to bind to the
DNA that differentiates wild-type and resistant cells. Previous
studies have pointed to a diminution of mitochondrial mem-
brane potential in pentamidine-resistant Leishmania spp. (11),
and accumulation of rhodamine-123 also indicates that mito-
chondrial membrane potential is diminished in the drug-resis-
tant lines analyzed in this study.

The data presented here are consistent with a model similar
to that proposed for isometamidium resistance in T. congo-
lense. Pentamidine appears to enter both resistant and wild-
type cells via the same plasma membrane carrier, which is
unaltered in the resistant lines. However, in wild-type but not
resistant parasites, the drug is rapidly accumulated in the mi-
tochondrion, with uptake being driven by the greater mito-
chondrial membrane potential of wild-type cells. In contrast, in
resistant parasites, the drug does not accumulate rapidly in the
mitochondrion but remains free in the cytosol. Efflux pumps
appear to be operative in removing cytosolic and membrane-
associated pentamidine from the cell, and it is likely that the
pumps can remove the majority of the pentamidine from the
nonmitochondrial compartment of both cell types.

This pentamidine efflux system is operative in both cell
types, but in the wild-type cells, most of the pentamidine be-
comes bound to the kinetoplast, within the mitochondrion, and
so is not available for efflux, thus remaining in the cell. This is
not the case in the resistant parasites. A balance involving rate
of uptake into the cell, efflux from the cell at the plasma
membrane, and accumulation in the mitochondrion would
then underlie the events reported here. Agents which inhibit
efflux may lead to reversal of resistance by allowing pentami-
dine to accumulate in the cytosol to levels which then drive

accumulation in the mitochondrion. In S. cerevisiae, a gene,
PNT1, whose overexpression mediates pentamidine resistance,
encodes a product that is targeted to the mitochondrion and is
involved in the biogenesis of that organelle as a protein trans-
locator (36). The mitochondrion appears to be the target of
pentamidine action in S. cerevisiae, and based on the data
presented here, it would appear that the mitochondrion also
plays a crucial role in the mode of action for pentamidine in
Leishmania parasites.
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